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The faithful execution of embryogenesis relies on the
ability of organisms to respond to genotoxic stress
and to eliminate defective cells that could otherwise
compromise viability. In syncytial-stage Drosophila
embryos, nuclei with excessive DNA damage un-
dergo programmed elimination through an as-yet
poorly understood process of nuclear fallout at the
midblastula transition. We show that this involves
a Chk2-dependent mechanism of mRNA nuclear
retention that is induced by DNA damage and pre-
vents the translation of specific zygotic mRNAs
encoding key mitotic, cytoskeletal, and nuclear
proteins required to maintain nuclear viability.
For histone messages, we show that nuclear reten-
tion involves Chk2-mediated inactivation of the
Drosophila stem loop binding protein (SLBP), the
levels of which are specifically depleted in damaged
nuclei following Chk2 phosphorylation, an event that
contributes to nuclear fallout. These results reveal a
layer of regulation within the DNA damage surveil-
lance systems that safeguard genome integrity in
eukaryotes.
INTRODUCTION
Embryogenesis in metazoans is typically initiated by expedited
cleavage divisions that rapidly increase the number of cells in
the embryo (O’Farrell et al., 2004). In Drosophila, the cleavage
stage involves 13 rapid metasynchronous nuclear divisions
(n.d.) that occur within a common cytoplasm or syncytium
(Foe and Alberts, 1983). As they divide, the majority of the syn-
cytial nuclei migrate to the cortex of the embryo, where they un-
dergo cellularization during interphase 14, giving rise to an
epithelium that contains the progenitors for all somatic tissues
(Foe and Alberts, 1983). Syncytial divisions are regulated by
maternally provided gene products, whereas progression
through cellularization depends on zygotic transcription and468 Developmental Cell 29, 468–481, May 27, 2014 ª2014 Elsevier Inthus represents the midblastula transition (MBT) (O’Farrell
et al., 2004; Tadros and Lipshitz, 2009). In addition to zygotic
genome activation, several changes in cell behavior occur in
conjunction with the MBT, including the lengthening of the cell
cycle and the implementation of DNA damage/replication
checkpoints, which are thought to be inactive or ineffective dur-
ing cleavage cycles (O’Farrell et al., 2004). This has led to the
suggestion that, in early embryogenesis, organisms may sacri-
fice cell division fidelity in favor of rapid proliferation (Hartwell
and Weinert, 1989), thus underlining the need for quality-control
mechanisms to eliminate defective cells generated during cleav-
age divisions.
The DNA damage/replication checkpoints are comprised of a
highly conserved signal transduction system, including at its
core the ATM, ATR, Chk1, and Chk2 protein kinases (Ciccia
and Elledge, 2010). These kinases are activated by genotoxic
stress, leading to the phosphorylation of a variety of cellular tar-
gets in order to delay cell-cycle progression, prime DNA repair
pathways, or activate programmed cell death (Ciccia and El-
ledge, 2010). The critical importance of the DNA damage
response (DDR) is underlined by the fact that many cancer sus-
ceptibility syndromes arise from mutations in checkpoint com-
ponents (Jackson and Bartek, 2009). A number of studies have
demonstrated that DDR signaling is critically important for em-
bryonic development. For example, in higher eukaryotes, muta-
tions in Chk1 and ATR cause genome instability, developmental
arrest at the MBT, and early embryonic lethality (Brown and Bal-
timore, 2000; Liu et al., 2000; Sibon et al., 1997, 1999; Takai
et al., 2000). In Drosophila, Chk2 kinase, encoded by the
maternal nuclear kinase (mnk) gene, plays an essential role within
a developmental checkpoint that induces the shedding of defec-
tive nuclei from the somatic precursor pool (Takada et al., 2003).
Rather than delaying cell-cycle progression to allow DNA repair,
Drosophila embryos eliminate damaged nuclei via a process of
‘‘nuclear fallout’’ during cycles 10–13, whereby nuclei drop
from the embryo cortex into the underlying yolk, thus preventing
their incorporation into the forming embryonic epithelium (Sulli-
van et al., 1993b; Takada et al., 2003). This nuclear shedding in-
volves a block of mitotic progression via centrosome inactivation
(Takada et al., 2003), as well as additional pathways that mediate
nuclear fallout, although the exact mechanisms and Chk2 tar-
gets involved remain unknown.c.
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Figure 1. Nuclear Retention of Zygotic
mRNAs in Fallout Nuclei
(A) FISH ofWT n.d. 12 embryos labeled with a probe
for histone h3 mRNA (green). The nuclear retention
of zygotic h3 mRNA is observed in nuclei undergo-
ing fallout into the yolk plasm. Surface and cross-
section images of representative embryos are
shown. Blue, DNA; red, nuclear envelope (NE)/
WGA. Scale bar represents 10 mm. See also Figures
S1A and S1B.
(B) FISH for h3, kuk, and runmRNAs in WT embryos
(n.d. 12–13) exposed to genotoxins, such as aphi-
dicolin (Aphi; 10 mM), etoposide (Etopo; 10 mM), and
hydroxyurea (HU; 10 mM), or control embryos
treated with vehicle alone (DMSO). Extensive nu-
clear retention is observed for h3 and kuk mRNAs,
but not for run, which shows typical nascent tran-
script foci. Scale bar represents 50 mm. See also
Figures S1C–S1E for related data.
(C) Quantification of mRNA nuclear retention phe-
notypes in WT embryos treated with no drug,
vehicle alone (DMSO) or the indicated genotoxins
(Aphi, 10 mM; camptothecin [Camp], 10 mM; Etopo,
10 mM; and HU, 10 mM). The percentage of n.d. 10–
13 embryos for which mRNA nuclear retention was
absent (white bars), weak (gray bars, <20 nuclei), or
excessive (black bars, >20 nuclei) is indicated. The
number of embryos analyzed is designated by ‘‘n.’’
Data are shown as mean ± SD. The statistical sig-
nificance of retention was assessed via unpaired
t tests using GraphPad Prism; *p = 0.02, **p =
0.0016, ****p < 0.0001.
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DNA-Damage-Induced mRNA Nuclear RetentionHere, we show that DNA damage induces the nuclear
accumulation of specific early zygotic mRNAs in fallout
nuclei, including replication-dependent histone transcripts.
This process is dependent on Chk2 function and blocks the
localized translation of these mRNAs in the vicinity of fallout
nuclei. In the case of histone mRNAs, we demonstrate that
nuclear retention results from a phosphorylation-dependent
decrease in levels of the Stem Loop Binding Protein
(SLBP), a highly conserved regulator of histone transcript
maturation and nuclear export. These results reveal a link be-
tween DNA damage signaling and mRNA intracellular
trafficking.Developmental Cell 29, 468RESULTS
Nuclear Retention of Zygotic mRNAs
in Fallout Nuclei at the MBT
In a previous fluorescent in situ hybridiza-
tion (FISH) screen for localized mRNAs,
we identified hundreds of early zygotic
genes, many of which are first transcribed
during pre-MBT cleavage divisions 10–13
(Le´cuyer et al., 2007). These mRNAs are
easily discernible by FISH via the detection
of nuclear nascent transcripts foci pro-
duced at native gene loci (Shermoen and
O’Farrell, 1991). Zygotic transcripts do
not typically accumulate in the nucleus,
and instead are rapidly exported into thecytoplasm. However, in our FISH screen we identified a collec-
tion of 17 zygotic mRNAs that showed broad nucleoplasmic
accumulation within a rare population of nuclei that were falling
out of the cortex into the underlying yolk mass during cycles
10–13 (Figure 1A; Figure S1A available online). Fallout nuclei
have a compacted chromatin structure and often appear as dou-
blets, indicative of post mitotic reprogramming (Figure 1A).
Collectively, these mRNAs encode proteins that fulfill important
nuclear (e.g., histones, Taf4, and kugelkern/kuk), mitotic (e.g.,
dGrip91 and Bsg25D/dNinein), and cytoskeletal (e.g., Nullo,
Sry-alpha, and Halo) functions (Figure S1B), several of which
control morphological changes during the MBT (Brandt et al.,–481, May 27, 2014 ª2014 Elsevier Inc. 469
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DNA-Damage-Induced mRNA Nuclear Retention2006; Gross et al., 2003; Postner and Wieschaus, 1994;
Schweisguth et al., 1990; Simpson and Wieschaus, 1990).
DNA Damage Induces mRNA Nuclear Retention
Nuclear fallout is induced under conditions of genotoxic stress,
as observed in embryos exposed to genotoxins or harboring
chromosomal aberrations (Sibon et al., 2000; Sullivan et al.,
1993a). To assess whether the nuclear retention of zygotic
mRNAs is influenced by DNA damage, we performed FISH on
wild-type (WT) embryos exposed to a variety of DNA replication
inhibitors (e.g., aphidicolin and hydroxyurea) and agents that
cause DNA strand breaks, such as g rays and topoisomerase in-
hibitors (e.g., etoposide and camptothecin). These treatments
enhanced the nuclear retention of histone h3 and kuk mRNAs,
but not control transcripts such as run (Figures 1B and 1C).
Approximately 20% of control untreated embryos (n.d. 10–13)
displayed sporadic nuclear retention (<20 nuclei) of histone
(h1, h2A, h2B, h3, and h4) and kuk transcripts, whereas 80%
of embryos were devoid of such nuclei. By contrast, after geno-
toxin treatments, mRNA nuclear retention was observed in 50%–
70% of embryos, with many exhibiting excessive nuclear reten-
tion in the majority of nuclei and a disorganized cortical nuclear
layer. Exposure to vehicle alone (DMSO) augmented the fre-
quency of embryos with excessive retention; however, these
embryos never showed the widespread mRNA nuclear accumu-
lation seen in the genotoxin-treated samples (Figures 1B and
1C). Inhibitor-treated embryos classified as having no mRNA
retention often exhibited cytological signs of DNA damage
(e.g., chromosomal and morphological defects). This suggests
that nuclear retention may be circumvented in specimens in
which damage is too severe, likely reflecting a general failure
of cellular response mechanisms. Indeed, the effects of inhibitor
treatments were dose dependent, and mRNA retention was lost
at high doses that cause tissue degeneration and lethality (Fig-
ures S1C and S1D). In addition to the broad nuclear retention
seen in syncytial embryos, we also observed histone mRNA nu-
clear accumulation in ectodermal cells of postgastrulation-stage
embryos (Figure S1E), suggesting that this mechanism repre-
sents a broad response to DNA damage.
Transcript Nuclear Retention Is Associated with
Localized Protein Depletion
To evaluate the impact of mRNA nuclear retention on localized
protein expression, we performed mRNA-protein colabeling
and quantified the fluorescence signal intensities associated
with normal versus fallout nuclei. These analyses revealed that
nuclear sequestration of transcripts led to a reduction in protein
levels within or around fallout nuclei. In the case of kuk mRNA,
which encodes an inner nuclear membrane protein (Brandt
et al., 2006), nuclear retention led to a 6.7-fold reduction in Kuk
protein levels within fallout nuclei (Figures 2A and 2D). Similarly,
the centrosomal protein Bsg25D, an ortholog of mammalian
Ninein family proteins involved in microtubule nucleation (Case-
nghi et al., 2003), showed a 7.3-fold reduction in intensity at cen-
trosomes overlying fallout nuclei (Figures 2B and 2E). We also
noted a significant reduction in histone H4 protein levels in fallout
nuclei labeled with a probe for h3 mRNA (Figures 2C and 2F).
Although this reduction was modest compared with that
observed for Kuk and Bsg25D, it was expected considering470 Developmental Cell 29, 468–481, May 27, 2014 ª2014 Elsevier Inthe high baseline levels of histones in embryonic nuclei. This
local decrease in histone abundance is likely consequential, as
minor reductions in histone concentrations can impair gene
expression and genome stability (Celona et al., 2011; O’Sullivan
et al., 2010). Consistent with these immunofluorescence (IF) re-
sults, western analyses revealed specific reductions of Kuk,
Bsg25D, and histone H3/H4 protein expression in irradiated em-
bryos (Figure S2). These mRNA nuclear retention and protein
depletion events likely play crucial roles in nuclear fallout.
DNA-Damage-Induced mRNA Nuclear Retention Is
Dependent on Chk2 Function
We next sought to assess whether mRNA nuclear retention was
affected by mutations in genes encoding components of the
DDR pathway. We focused our analysis on embryos mutant for
the grp, mei-41, or mnk genes, which respectively encode the
Drosophila orthologs of Chk1, Atr, andChk2.Maternal effectmu-
tants of grp and mei-41 fail to cellularize or to robustly activate
zygotic gene expression (Sibon et al., 1997, 1999). Interestingly,
the phenotypes of grpmutant embryoswere previously shown to
result from accumulation of DNA damage during cleavage divi-
sions, leading to the activation of a Chk2-dependent block to
development (Takada et al., 2007). As with the genotoxin treat-
ments of WT embryos (Figures 1B and 3A), FISH analysis of h3
mRNA in grp or mei-41 mutants revealed mRNA nuclear reten-
tion in 50%–70% of embryos (Figures 3B, 3C, and 3E).
Although activation of zygotic mRNAs is generally impaired in
grp or mei-41 mutants (Sibon et al., 1997, 1999), some mutant
embryos exhibited excessive retention of transcripts such as
kuk and nullo (Figure S3). The nuclear accumulation of histone
messages was easier to evaluate, since these mRNAs are tran-
scribed within a-Amanitin-sensitive nuclear foci as early as n.d.
6–7 (Figure S4).
By contrast, the nuclear retention phenotype was completely
absent in mnk/Chk2 mutant embryos, with or without exposure
to genotoxins (Figures 3D and 3E). Although these mutants are
viable as a homozygous stock, they exhibited a20% reduction
in embryo hatching rates compared with the WT (Figure S5A). It
was previously shown that mnk mutants fail to induce nuclear
fallout and tend to accumulate clusters of abnormal nuclei in
the embryonic cortex (Takada et al., 2007; Xu and Du, 2003).
These aggregated nuclei are apt to initiate zygotic genome acti-
vation because they contain typical zygotic mRNA foci (Fig-
ure 3D, inset). Importantly, no mRNA nuclear retention was
observed in these embryos, indicating that this process is
Chk2 dependent. A key Chk2 target involved in DNA-damage-
induced cell death is the p53 tumor suppressor (Brodsky et al.,
2004). However, we found that mRNA nuclear retention occurred
normally in p53 null embryos (Figure 3E). Therefore, as was pre-
viously shown for centrosome inactivation (Takada et al., 2003),
mRNA nuclear retention is p53 independent.
To observe nuclear fallout in live embryos, we performed time-
lapse imaging of embryos expressing the His2Av-mRFP nuclear
marker. This allowed us to visualize nuclei starting at n.d. 12, as
the His2Av-mRFP signal was too diffuse to resolve prior to this
stage. In heterozygous mnk embryos, nuclear fallout occurred
rapidly within a span of a few minutes, at an average velocity
of 0.03 mm/s during interphases 12 and 13 (Figure 3F; Movie
S1A). By contrast, in homozygousmnkmutants, cortical nuclearc.
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Figure 2. mRNANuclear Retention Leads to
Localized Protein Depletion
(A) Immuno-FISH performed on WT embryo (n.d.
12) to covisualize kuk mRNA (red) and Kuk protein
(green). Hatched lines outline fallout nuclei. Blue,
DNA; scale bar represents 10 mm.
(B) Immunolabeling with an antibody for cen-
trosomal Bsg25D protein (green), and counter-
stained to visualize nuclear envelopes (NE, red)
and nuclei (blue). Hatched lines outline fallout
nuclei; blue, DNA; scale bar represents 10 mm.
(C) Immuno-FISH of h3mRNA (red) and H4 protein
(green). Hatched lines outline fallout nuclei. Blue,
DNA; scale bar represents 10 mm.
(D–F) Quantification of mRNA and protein average
fluorescence intensities in normal versus fallout
nuclei of embryos labeled as in (A)–(C). Statistical
significance was assessed via Mann-Whitney
tests, and median values are indicated in paren-
theses; ****p < 0.0001. See also Figure S2 for
related data.
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DNA-Damage-Induced mRNA Nuclear Retentionaggregates were visible as soon as the His2Av-mRFP signal was
resolved (Figure 3G; Movie S1B). These clusters generally re-
mained stuck in the cortex, although occasionally they were
pushed into the yolk during cellularization.
Enhanced Nuclear Fallout in histone-Deficient Embryos
Our findings suggested that histone zygotic transcription may
be important for maintaining nuclear viability during the MBT.
If so, we would predict that blocking histone function via alter-
native strategies may lead to enhanced nuclear fallout.
Although previous reports have indicated that histone zygotic
expression is not essential until later stages of embryogenesis
(Gu¨nesdogan et al., 2010), the early embryonic phenotypes of
histone mutant embryos remain poorly characterized. To clarify
this issue, we evaluated the phenotypes of Df(2L)DS6 embryos,
which harbor a deletion of the histone gene cluster (Moore
et al., 1983). Consistent with the crucial requirement for
histones during embryogenesis (Gu¨nesdogan et al., 2010), theDevelopmental Cell 29, 468–hatching frequency of embryos derived
from Df(2L)DS6/Cyo parents was
reduced to 30% of that observed in
WT (Figure S5A). Interestingly, FISH
analysis of h2amRNA identified homozy-
gous Df(2L)DS6 embryos that lacked
distinctive zygotic nuclear foci but main-
tained a strong maternal cytoplasmic
signal (Figure 3H). These embryos ex-
hibited excessive nuclear fallout, as
well as nuclear retention of non-histone
zygotic transcripts such as kuk (not
shown), but no nuclear accumulation of
histone mRNAs. These results suggest
that perturbation of early histone zygotic
expression, either via deletion of the his-
tone gene cluster or through histone
transcript nuclear retention, enhances
nuclear fallout. Furthermore, our data
indicate that the nuclear retention of his-tone mRNAs observed in WT embryos is attributable to tran-
scripts of zygotic origin and is not the result of nuclear reimport
of maternal cytoplasmic messages.
Transcript Nuclear Retention Is a Sequence-Specific
Process and Is Sufficient to Induce Nuclear Fallout
Our finding that only a subset of zygotic mRNAs was retained in
the nucleus suggested that the process of nuclear retention is
likely dictated by specific RNA features. To test this, we per-
formed FISH analyses on irradiated transgenic embryos engi-
neered to express GFP fusion mRNAs using the UAS/Gal4 sys-
tem. Females carrying a maternal nanos-Gal4-VP16 (NGV)
driver, which provides a posterior gradient of the Gal4-VP16
transcriptional activator in syncytial embryos (Van Doren et al.,
1998), were crossed to males harboring GFP fusion transgenes
integrated at the same genomic site and under the control of
an upstream activation sequence (UAS). As shown in Figure 4Ai,
this approach led to zygotic expression of transgenic mRNAs in481, May 27, 2014 ª2014 Elsevier Inc. 471
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Figure 3. Transcript Nuclear Retention Is Dependent onmnk/chk2 Function and Nuclear Fallout Is Enhanced in histone-Deficient Embryos
(A–D) FISH of h3 mRNA (blue) in WT and DNA-damage/replication checkpoint mutant embryos. Red, DNA. Lower panels: h3 mRNA in gray. Scale bar
represents 20 mm. Shown are (A) control (Ctl) or g-ray (IR, 3.3 Gy)-treated n.d. 11 WT embryos, (B) grpfs1, and (C) mei41D3 and (D) control or g-ray (IR, 3.3 Gy)-
treated mnkP6 embryos (n.d. 11–12). Inset in (D) shows a magnified view of a nuclear aggregate seen in the mnkP6 embryo. See also Figures S3–S5 for related
data.
(legend continued on next page)
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Figure 4. mRNA Nuclear Retention Is Sequence Dependent and Sufficient to Induce Nuclear Fallout
(A) FISH analysis of embryos obtained after crossing NGV females to males carrying the (i)UASt-GFP, (ii)UASt-GFP-h3+cod-30UTR, (iii) UASt-GFP-h3-30UTR, or
(iv) UASt-GFP-kuk-30UTR transgene. Following harvesting, the embryos were treated with g rays (3.3 Gy) and processed for FISH using a GFP sequence probe
(blue, mRNAs; red, DNA; scale bar represents 10 mm).
(B) FISH of kukmRNA (blue) on WT n.d. 12 embryos treated with (i) vehicle alone, (ii) with Leptomycin B (LMB, 0.1 mM), or (iii) uap56sz15’/28 maternal-effect mutant
embryos (red, DNA; scale bar represents 10 mm).
(C) Quantification of mRNA nuclear retention phenotypes in embryo samples detailed in (B). Counting parameters and statistical tests were as detailed in Fig-
ure 1C. The total number of embryos analyzed in each condition is indicated by ‘‘n.’’ Data are shown as mean ± SD; **p = 0.0088–0.026, *p = 0.038.
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DNA-Damage-Induced mRNA Nuclear Retentionrandom somatic nuclei at the posterior end of the embryo, start-
ing at n.d. 10. Although no nuclear accumulation of GFP mRNA
was observed after irradiation, a GFP-h3-cod+30UTR fusion
mRNA, encoded by a transgene harboring the h3 stem-loop
and downstream element, exhibited strong nuclear accumula-
tion in fallout nuclei (Figure 4Aii). In contrast to most mRNAs,
replication-dependent histone transcripts have a distinct mech-
anism of 30 end formation. Indeed, they are nonpolyadenylated,
but contain a highly conserved stem-loop structure and down-
stream element that recruit specialized processing machinery
involved in their maturation, nuclear export, and translation (Mar-(E) Quantification of mRNA nuclear retention phenotypes in the embryos detailed
as mean ± SD. Counting parameters and statistical significance tests were as de
(F and G) Time-lapse imaging of nuclear movements inmnkP6 heterozygous (F) or
images; lower panels: DsRed-H2Av. Scale bar represents 25 mm. Arrowheds in (F
Movie S1.
(H) FISH of h2a mRNA (blue) in WT and Df(2L)DS6 embryos. Red, DNA; scale b
mRNA and the arrow points to a nucleus with nascent transcript foci. Such foci
Devezluff et al., 2008). Interestingly, we found that fusing the 30 end of
the histone h3 gene to the GFP coding region was sufficient to
confer nuclear accumulation of the fusion mRNA in fallout nuclei
(Figure 4Aiii). Similarly, we observed DNA-damage-induced nu-
clear retention of a GFP-kuk-30UTR fusion transcript (Figure 4iv).
No nuclear retention of these transgenic mRNAs was typically
observed in nonirradiated embryos, unless they were by chance
expressed in fallout nuclei (not shown). These results indicate
that mRNA nuclear retention is a sequence-specific process
that likely involves interference with specialized mRNA export
pathways.in (A)–(D). The number of embryos analyzed is indicated by ‘‘n.’’ Data are shown
scribed in Figure 1C. ****p < 0.0001.
homozygous (G) mutant embryos expressing DsRed-H2Av. Upper panels: DIC
) and (G), respectively, point to fallout nuclei and a nuclear aggregate. See also
ar represents 50 mm. The arrowhead indicates fallout nuclei with retained h2a
are absent in the Df(2L)DS6 embryo.
lopmental Cell 29, 468–481, May 27, 2014 ª2014 Elsevier Inc. 473
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causal role in inducing nuclear fallout, we utilized different strate-
gies to interfere with mRNA export. First, we performed FISH
analyses on WT embryos treated with Leptomycin B (LMB), an
inhibitor of CRM1/Exportin-1 protein, which potently blocks nu-
clear export of a broad range of proteins and some RNAs (Fu-
kuda et al., 1997; Jang et al., 2003; Wolff et al., 1997). After short
exposure to LMB, we observed an increase in the proportion of
embryos that exhibited h4 and kuk mRNA nuclear retention and
enhanced nuclear fallout (Figures 4Bi, 4Bii, and 4C). This effect
may involve a direct role for CRM1 inmRNA export in fly embryos
or it could be due to perturbations in the shuttling of proteins
implicated in mRNA nucleocytoplasmic transport.
As an alternative strategy, we evaluated the phenotype of em-
bryos mutant for uap56, which encodes a ubiquitous DEAD box
protein with conserved functions in mRNA nuclear export (Gat-
field et al., 2001; Luo et al., 2001). Although uap56 was recently
shown to be important for Piwi-interacting RNA (piRNA) biogen-
esis and mRNA localization in the Drosophila germline (Meignin
and Davis, 2008; Zhang et al., 2012), mutant embryos can be
readily recovered from transheterozygous females carrying
uap56 hypomorphic alleles. In FISH analyses of uap56 mutant
n.d. 10–13 embryos, we observed an enhanced nuclear accu-
mulation of several zygotic mRNAs, including h4, kuk, and run
(Figures 4Biii and 4C). Themost striking nuclear retention pheno-
typewas observed in nuclei that were falling out of the embryonic
cortex (Figure 4Biii). Combined, these results suggest that inter-
fering with transcript nuclear export, via either pharmacological
or genetic strategies, enhances nuclear fallout.
Disruption of Slbp Function Leads to histone mRNA
Nuclear Accumulation
We hypothesized that Chk2 signaling induces nuclear retention
of select zygotic mRNAs by disrupting the activity of proteins
involved in nuclear export. To test this hypothesis, we used a
candidate approach focusing on histone mRNAs. An obvious
candidate was SLBP, which interacts with the evolutionarily
conserved histone stem-loop element (Marzluff et al., 2008),
since depletion of SLBP in human cells was recently shown to
cause nuclear accumulation of histone messages (Sullivan
et al., 2009).
To address this issue, we first evaluated themRNA localization
phenotypes of maternal-effect mutant embryos derived from
mothers transheterozygous for Slbp hypomorphic (Slbp10) and
null (Slbp12) alleles (Sullivan et al., 2001). Due to a reduced
maternal contribution of histone mRNA and protein, these em-
bryos exhibit mitotic defects and a general depletion of cortical
nuclei (Figure 5A), and are unable to reach the MBT (Sullivan
et al., 2001). Indeed, time-lapse imaging of Slbp-deficient em-
bryos by differential interference contrast (DIC) microscopy, or
IF for Anillin to label membrane furrows, showed that Slbp mu-
tants exhibited excessive nuclear fallout and failed to cellularize
(Figure S5B; Movies S2A and S2B). In a FISH analysis with an
h3 coding region probe,Slbpmutants showed enhanced nuclear
retention of zygotic histone transcripts, as well as a marked
reduction in the cytoplasmic mRNA labeling (Figure 5Ai). Quanti-
tative RT-PCR (qRT-PCR) analysis revealed a 5- to 8-fold
decrease in h3 and h4 transcripts in Slbp mutants (Figure 5C),
which was accompanied by a strong decrease in histone protein474 Developmental Cell 29, 468–481, May 27, 2014 ª2014 Elsevier Inlevels as revealed by western blotting (Figure 5D). These results
are consistent with the documented reduction in thematernal his-
tone pool in these mutants (Lanzotti et al., 2002; Sullivan et al.,
2001). Our data indicate that zygotic histonemRNA transcription
still occurs efficiently in Slbpmutants, although these transcripts
are broadly nuclear retained. Strikingly, FISH analyses with a
probe toadownstreamregion located in 30 to thenormalh3cleav-
age site, which was previously used to detect h3 readthrough
transcripts (Lanzotti et al., 2002), revealed typical nascent tran-
script foci with no broad nucleoplasmic accumulation in both
the WT and the Slbp mutants (Figure 5Aii). This indicates that
the pool of nuclear-retained h3 mRNA observed in fallout nuclei
is not enriched for transcripts with misprocessed 30 ends.
In contrast to the robust expression of zygotic histonemRNA,
Slbp mutants showed an almost complete absence of nascent
transcript foci for other zygotic mRNAs, such as kuk and run (Fig-
ure 5Aiii–iv). For uniquely zygotic transcripts, such as run and
bnb, the absence of nuclear RNA foci observed by FISH corre-
lated with a strong decrease in mRNA levels measured by
qRT-PCR (Figure 5C). For dual maternal/zygotic mRNAs, such
as kuk, overall expression was not strongly affected despite
the absence of zygotic foci (Figure 5C). A similar loss of zygotic
gene expression has been documented for grp and mei-41 mu-
tants (Sibon et al., 1997, 1999), indicating that Slbp disruption
leads to phenotypes similar to those of DNA-damage/replication
checkpoint mutants.
In light of the key role it plays in histonemRNAmetabolism, we
hypothesized that SLBP may be a downstream target for inacti-
vation by Chk2. Alternatively, histone nuclear retention could be
an indirect consequence of excessive DNA damage in Slbpmu-
tants. In the latter scenario, wewould expect themnkmutation to
suppressSlbpphenotypes, asdocumented forgrpandnopomu-
tants (Merkle et al., 2009; Takadaet al., 2007). Thus,weevaluated
the phenotypes ofmnk;Slbp double-mutant embryos and found
that they phenocopy Slbp mutants, showing excessive mRNA
nuclear retention, defective cellularization, andsevere embryonic
lethality (Figures 5B, S5A, and S5B; Movie S2C). We conclude
that mnk mutation does not suppress Slbp loss of function, and
that SLBP functions either downstream or in parallel to Chk2.
Chk2 Phosphorylates SLBP on Residue S118
To test whether SLBP is a phosphorylation target of Chk2, we
optimized an in vitro kinase assay in which g32P-ATP was incu-
bated with recombinant human Chk2 and available purified pro-
teins. In addition to phosphorylating itself, Chk2 robustly and
selectively phosphorylated recombinant SLBP (Figures 6A–6C
and S6A), an activity that was blocked by addition of a Chk2 in-
hibitor to the reactions. Computational predictions identified
several putative Chk2 phosphorylation sites on SLBP, with the
highest scoring being residue S118 (S58 in human SLBP) (Fig-
ure S6B). Interestingly, this residue lies within a well-conserved
motif (SFTPP in Drosophila [amino acids 118–121] and SFTTP in
humans [amino acids 58–62]), and phosphorylation of the two
threonines in human SLBP induces its degradation at the end
of S phase (Koseoglu et al., 2008; Yen and Elledge, 2008; Zheng
et al., 2003). The T120 residue of Drosophila SLBP is also known
to be phosphorylated, although this modification is not essential
for viability (Lanzotti et al., 2004). We next performed kinase as-
says on SLBP proteins bearing deletions or point mutationsc.
Figure 5. Mutation of SLBP Enhances his-
tone mRNA Nuclear Retention and Sup-
presses mnk/chk2 Phenotypes
(A and B) FISH of h3, kuk, and run mRNAs in WT,
SLBP10/12, mnkP6, or mnkP6;SLBP10/12 embryos
(n.d. 10–12). Left panels: blue, mRNAs; red, DNA.
Right panels: mRNA in grayscale; scale bars
represent 20 mm. See also Figure S5.
(C) Steady-state expression levels of different zy-
gotic mRNAs extracted from 0- to 4-hr-oldmnkP6,
SLBP10/12, and mnkP6;SLBP10/12 embryos relative
to WT, as assessed by qRT-PCR analysis.
Expression values for eachmRNAwerenormalized
to that of RpL32. Data are shown as mean ± SD.
(D)Western blots of total protein extracts prepared
from 0- to 3-hr-old WT, SLBP10/12, grpfs1, and
mnkP6 embryos.Blotswereprobedwith antibodies
to Drosophila SLBP, histone H3, histone H4, and
a-Tubulin.
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DNA-Damage-Induced mRNA Nuclear Retention(Figures 6A–6D). No effect was observed upon deletion of the
C-terminal 38 residues of SLBP (mutant 1–238), a region that
is known to be phosphorylated (Dominski et al., 2002). However,
progressive N-terminal deletions led to an 80% reduction in
phosphorylation upon removal of residues 87–124, the region
harboring the SFTPP motif (Figures 6C and 6D). Strikingly, a
similar reduction was observed with the S118A point mutant,Developmental Cell 29, 468–indicating that S118 is a major Chk2
target residue. The T120A mutant also
exhibited a significant (60%) reduction
in phosphorylation, suggesting that this
residue may be targeted by Chk2 or
that its mutation could impair S118 phos-
phorylation. However, since a S118A-
T120A double mutant showed phosphor-
ylation comparable to S118A, we favored
the latter interpretation. To confirm these
findings, we performed a mass spec-
trometry (MS) analysis of Chk2 kinase re-
actions containing SLBP or the S118A
mutant. The reactions were subjected to
tryptic digestion and the resulting pep-
tides were analyzed by liquid chromatog-
raphy tandem MS (LC-MS/MS). This
analysis revealed that S118 is the only
SLBP residue that is phosphorylated by
Chk2 (Figure 6E). We also detected
weak phosphorylation of S176 in these
assays, but this modification was
nonspecific, as it was present in control
reactions lacking Chk2.
SLBP Residue S118 Is Required for
Its Localized Depletion, histone
mRNA Retention, and Nuclear
Fallout
To clarify the link between SLBP and the
nuclear fallout process, we performed IF
analysis of control and irradiated em-bryos. We first detected SLBP by IF at n.d. 10, where it showed
prominent nuclear localization, consistent with previous western
studies (Lanzotti et al., 2002). Notably, SLBP labeling was
strongly reduced in nuclei undergoing fallout (Figure 7A, upper
panel, arrowhead), averaging a 3.2-fold decrease in fluores-
cence compared with neighboring nuclei (Figure 7B). In irradi-
ated embryos, we observed a general attenuation of the SLBP481, May 27, 2014 ª2014 Elsevier Inc. 475
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Figure 6. Chk2-Mediated Phosphorylation of Drosophila SLBP
(A) Schematic representation of SLBP deletion and point mutants.
(B) SLBP protein variants with C-terminal His-tags were expressed in E. coli, affinity purified, and revealed on Coomassie blue-stained SDS-PAGE gels.
(C) In vitro kinase assays were performed using recombinant active GST-tagged human Chk2 and purified SLBP, or SLBP truncation/point mutants, in the
presence of [g-32P]ATP. Samples were analyzed by SDS-PAGE and autoradiography. Arrowhead indicates autophosphorylated GST-Chk2. See also Figure S6
for related data.
(D) Densitometric quantification of SLBP variant phosphorylation, normalized to Chk2 autophosphorylation, represented as the mean ± SD of two independent
experiments. Statistical significance was assessed via unpaired t tests; ***p < 0.0004.
(E) Summary of MS results from kinase assays containing Chk2 and SLBP. Results are shown for two phospho-S118 tryptic peptides.
(F) Drosophila S2R+ cells were transfected with plasmids for GFP-SLBP and GFP-SLBP-S118A, and then treated with CH (100 mg/mL) for the indicated time.
Total cell protein extracts were then analyzed by western blotting with anti-GFP or anti-Actin antibodies.
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DNA-Damage-Induced mRNA Nuclear Retentionstaining in cortical nuclei (Figure 7A, lower panel), which corre-
lated with a depletion of SLBP levels assessed by western blot-
ting (Figure 7C). This was accompanied by a decrease in histone
protein levels and an increase in Chk2 protein abundance, as
previously noted (Takada et al., 2007). These effects were
Chk2 dependent, since they were not seen in extracts prepared
from mnk mutants (Figure 7C).
To test the functions of the S118 residue of SLBP in vivo, we
generated transgenic flies expressing GFP-SLBP or GFP-
SLBP-S118A fusion proteins under control of theUASppromoter
from the same genomic integration site. In combination with the
NGV driver, both GFP fusions were efficiently expressed in em-
bryos, as assessed by fluorescence microscopy, western, and
northern blotting (Figures 7D, 7E, and 7G). Similarly to endoge-476 Developmental Cell 29, 468–481, May 27, 2014 ª2014 Elsevier Innous SLBP, the GFP-SLBP fusion showed a 2.5-fold reduction
of fluorescence intensity in fallout versus control nuclei (Figures
7D and 7F). By contrast, GFP-SLBP-S118A had a comparable
signal intensity in all nuclei (Figures 7D and 7F), indicating that
the S118A substitution disrupts localized depletion of SLBP in
fallout nuclei. Consistent with these effects on SLBP protein
levels in vivo, in cycloheximide (CH) chase experiments with
transfected S2R+ cells, GFP-SLBP-S118A had enhanced
steady-state expression compared with GFP-SLBP (Figure 6F).
We next evaluated the capacity of these GFP-fusion trans-
genes to rescue the phenotypes of Slbp10/12 mutant embryos.
As shown in Figures 7G–7I, maternal expression (via the NGV
driver) of both GFP-SLBP and GFP-SLBP-S118A significantly
rescued the embryonic lethality, h3 mRNA depletion, andc.
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allelic combination (Sullivan et al., 2001). Interestingly, we noted
a 50% reduction in the capacity of GFP-SLBP-S118A to
rescue embryonic viability compared with GFP-SLBP (Fig-
ure 7H). Furthermore, the nuclear retention of h3 mRNA was
markedly reduced in GFP-SLBP-S118A rescued embryos
compared with WT or GFP-SLBP, both under normal growth
conditions and following irradiation (Figure 7I). To assess the
consequence on nuclear fallout, we quantified the ratio of sur-
face area occupied by yolk nuclei compared with the total em-
bryo surface in WT, Slbp10/12, Df(2L)DS6, GFP-SLBP, and
GFP-SLBP-S118A rescued embryos (Figure 7J). As expected
from their increased nuclear fallout, Slbp10/12 embryos showed
a strong enhancement in yolk nuclei surface area. Similarly, em-
bryos derived from Df(2L)DS6/Cyo parents also displayed an
increased density of yolk nuclei. Importantly, in GFP-SLBP-
S118A recued embryos, we found a significant decrease in the
yolk nuclei surface area compared with the WT or GFP-SLBP
rescued samples. We conclude that the S118 residue is func-
tionally important for the nuclear retention of histone mRNAs
and DNA-damage-induced nuclear fallout.
DISCUSSION
In most eukaryotes, the dramatic increase in cell numbers that
occurs during embryonic cleavage cycles involves rapid, syn-
chronized cell divisions with relaxed cell-cycle checkpoints. It
has long been hypothesized that such an expansion may
compromise genome stability and cell division fidelity (Hartwell
and Weinert, 1989). If so, these organisms must have evolved
quality-control mechanisms to detect and eliminate defective
cells generated during cleavage divisions. In Drosophila, we
show that this involves the Chk2-dependent inactivation of spe-
cific mRNA nuclear export pathways, which blocks the transla-
tion of select zygotically transcribed mRNAs that encode pro-
teins required for the integration and maintenance of nuclei
within the forming embryonic epithelium. In the case of replica-
tion-dependent histone mRNAs (as modeled in Figure 7K), we
show that nuclear retention occurs via Chk2-mediated phos-
phorylation and localized depletion of SLBP, an evolutionarily
conserved regulator of histone transcript processing, nuclear
export, and translation (Marzluff et al., 2008). This mechanism
is likely to be highly specific for histone mRNAs, since
genome-wide profiling studies have indicated that histones are
the sole targets of SLBP (Townley-Tilson et al., 2006). Thus,
we predict that in other nuclear-retained mRNAs, Chk2 signaling
serves to inactivate other RBPs implicated in the nuclear export
of specific subsets of early zygotic transcripts. This nuclear-
autonomous mechanism may allow the selective shutdown of
multiple cellular pathways in response to genotoxic stress,
thus facilitating the elimination of aberrant cells in order to safe-
guard developmental progression.
Transcript Nuclear Retention as a Mechanism for
Localized Protein Depletion
Theurkauf and colleagues previously defined a Chk2-mediated
processof centrosome inactivation involving the lossof centroso-
mal marker proteins (e.g., Dgrip91 and Dgrip85) associated with
fallout nuclei (Sibon et al., 2000; Takada et al., 2003). Since cen-Devetrosomesplay a key role in anchoring nuclei to the embryo cortex,
disruption of this organelle was proposed to facilitate nuclear
elimination, although the mechanism that leads to localized cen-
trosomal protein depletion has remained unclear. Our finding that
several nuclear-retained mRNAs encode centrosomal proteins,
including Bsg25D and Dgrip91, suggests that mRNA nuclear
sequestration may provide a mechanistic basis for centrosome
inactivation. In light of the functions played by proteins encoded
by other nuclear-retained mRNAs identified in this study (e.g.,
kuk, halo, sry-alpha, nullo, histones, and elba1–3), we propose
that this mechanism likely serves to block key cellular processes
required to maintain nuclear viability and function at the MBT,
including cytoskeleton reorganization, organelle transport, nu-
clear morphogenesis, and chromatin/transcription regulation.
Although earlyDrosophila embryos are syncytial in nature, they
are actually highly partitioned, with individual nuclei occupying
distinct territories, or ‘‘energids,’’ composed of separate cyto-
skeletal, membrane, and secretory organelle systems (Karr and
Alberts, 1986;Mavrakis et al., 2009). This organization likely limits
thediffusionofmorphogenetic determinantswithin the embryo to
ensure proper tissue patterning and specification. Consistent
with this view, the Chk2 signal required to induce centrosome
inactivation was shown to be highly localized and nondiffusible
(Takada et al., 2003). Our results reveal that mRNA nuclear reten-
tion invariably leads to a localized depletion of the encoded pro-
teins, suggesting that protein translation and localization are
restricted to the neighborhoods surrounding individual syncytial
nuclei. These findings have important implications for our under-
standing of translational regulatory mechanisms in Drosophila.
Although this study focuses on the syncytial blastoderm stage,
we have also found that genotoxic stress can induce histone
mRNA nuclear retention in other developmental stages in
Drosophila (Figure S1E), as well as in human cell lines (data not
shown), indicating that this stress response is evolutionarily
conserved in somatic cells and is not restricted to syncytial
embryogenesis. Further work will be required to determine the
extent of functional conservation in later stages and tissues.
Implications of histone mRNA Regulation
Our observation that histone mRNAs are nuclear retained in
response to genotoxic stress is intriguing, since it is known that
many layers of regulation help to coordinate histone levels with
DNA replication. Such surveillance systems ensure timely nucle-
osome assembly while preventing the accumulation of toxic his-
tone monomers once replication is complete or is stalled due to
DNA damage (Groth et al., 2007). The mRNA nuclear-retention
mechanismdescribedhere leads to the localizeddepletionof his-
toneproteins in fallout nuclei. This occurs in adevelopmentalwin-
dow preceding the MBT, during which maternal histone protein
abundance may become limiting, consistent with our finding
thathistone-deficient embryos showed enhancednuclear fallout.
Previous studies have shown that a 20%–40% reduction in his-
tone levels can lead to nucleosome depletion, altered gene
expression, and compromised genome stability (Celona et al.,
2011; O’Sullivan et al., 2010). Thus, the distinctive alteration in
chromatin structure of fallout nuclei could be a consequence of
histone protein depletion and subsequent genome instability.
The regulation of histone mRNA processing and stability is
also a critical control point in higher eukaryotes. Indeed, duringlopmental Cell 29, 468–481, May 27, 2014 ª2014 Elsevier Inc. 477
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of replication-dependent histonemRNAs is restricted to S phase
and parallels the cell-cycle-dependent control of SLBP stability
(Marzluff et al., 2008). The destabilization of human SLBP is initi-
ated via CDK1 phosphorylation of the second threonine (T61) of
the SFTTP motif, followed by T60 phosphorylation by casein
kinase 2, leading to SCF complex-dependent degradation of
SLBP at the S-G2 transition (Koseoglu et al., 2008; Yen and El-
ledge, 2008). Our findings that Chk2 phosphorylates the S118
residue of dSLBP, and that mutation of this residue increases
dSLBP steady-state levels in transfected cells and fallout nuclei
establish a role for DNA-damage signaling in dSLBP regulation. It
remains to be determined whether this is also the case for
hSLBP, and whether Chk2 functions in concert with CDK pro-
teins to stimulate SCF-complex recruitment and SLBP degrada-
tion in response to DNA damage.
Checkpoint Regulation of mRNA Nuclear Export
The nucleocytoplasmic trafficking of RNA molecules is a highly
regulated process that is often interlinked with other mRNA
maturation steps (Carmody and Wente, 2009). Previous studies
have implicated various proteins in the nuclear export of histone
mRNAs, including the TAP complex (Erkmann et al., 2005;
Huang et al., 2003), UAP56 (Gatfield et al., 2001), and SLBP (Sul-
livan et al., 2009). Of note, SLBP disruption in human U2OS cells
was shown to cause the nuclear retention of properly processed
histone mRNAs (Sullivan et al., 2009), which also appears to be
the case for the h3 mRNA retained in fallout nuclei. Because
SLBP function is highly specialized for histonemRNA regulation
(Marzluff et al., 2008), it will be interesting to explore whether
Chk2 targets other RNA export factors to control the nuclear
sequestration of other mRNAs.
It was previously shown that activation of Rad53p, the yeast
Chk2 ortholog, results in nuclear accumulation of unspliced
tRNAs following DNA damage in S. cerevisiae (Ghavidel et al.,Figure 7. The S118 Residue Is Required for Targeted Depletion of SLBP
Fallout
(A) Control or g-ray-treated (3.3 Gy)WT embryos (n.d. 12) were subjected to IF with
bar represents 10 mm.
(B) Quantification of SLBP average fluorescence intensity in normal versus fallou
statistical significance as in Figures 2D–2F; median values are indicated in paren
(C) Western blotting analysis of protein extracts from untreated or irradiated (1
antibodies to SLBP, Chk2, histone H2B, and a-Tubulin.
(D) Imaging of GFP-SLBP or GFP-SLBP-S118A proteins expressed in n.d. 12 em
(E) Western analysis of protein extracts from 0–3 hr embryos derived from fema
transgenes is driven by NGV. The blots were probed with anti-GFP or anti-Actin
(F) Quantification of the average fluorescence intensity of GFP-SLBP and GFP-S
(D). Mann-Whitney tests were performed as in (B); ****p < 0.0001.
(G) Northern analysis of GFP-fusion and h3 mRNAs in total RNA samples (6 mg
NGV;SLBP10/12,GFP-SLBP-S118A embryos. The lower panel shows 18S and 28
(H–J) Hatching frequencies, mRNA nuclear retention, and yolk nuclei density phe
(H) Harvested embryos were arrayed on apple-juice agar plates and the number o
experiments; ‘‘n’’ indicates the total number of embryos of each genotype anal
nonsignificant.
(I) FISH for h3mRNA was performed on 0- to 4-hr-old embryos of the indicated g
**p = 0.0066, ***p = 0.0001, ****p < 0.0001.
(J) The surface area ratio of yolk nuclei versus the entire embryo was quantified fro
Whitney tests were performed as in (B); ****p < 0.0001, *p = 0.0248.
(K) Model for Chk2-mediated disruption of SLBP mRNA nuclear export activity a
export of zygotically transcribed histone messages. Following genotoxic stress,
SLBP levels and the nuclear accumulation of histone transcripts. This perturbati
Deve2007). This process was proposed to help coordinate cell-cycle
progression with protein synthesis, although it is not known
whether similar mechanisms operate in higher eukaryotes. Our
discovery that nuclear export of specific mRNAs is also modu-
lated by Chk2 activity defines a mechanism by which DNA
damage can influence protein synthesis. Combined with other
examples of RNA nuclear retention regulated by stress pathways
(Prasanth et al., 2005), these results highlight RNA intracellular
trafficking dynamics as an important facet of eukaryotic stress
responses. Although the links between checkpoint signaling
and RNA metabolism remain poorly understood, results from
recent genome-wide studies have identifiedmany RNA process-
ing factors as putative modulators and targets of the DDR (Mat-
suoka et al., 2007; Paulsen et al., 2009). This represents an
emerging theme that is likely to have profound implications for
our understanding of genotoxic stress responses.
EXPERIMENTAL PROCEDURES
Drosophila Stocks
Oregon R was used as the WT. The mnkP6, mei-41D3, grpfs1, uap56sz15’, and
uap5628 stocks were kindly provided by William Theurkauf, and the dSLBP10
and dSLBP12 stocks were generous gifts from Robert Duronio. The His2Av-
mRFP and NGV transgenic lines were described previously (Schuh et al.,
2007; Van Doren et al., 1998). GFP-fusion transgenes were generated as
detailed in Supplemental Experimental Procedures.
Antibodies and Labeling Reagents
The antibodies used in IF and FISH experiments are detailed in Supplemental
Experimental Procedures. DNA and nuclear envelopes were labeled with DAPI
(Sigma-Aldrich) and Alexa Fluor 647-conjugated wheat-germ agglutinin (WGA;
Invitrogen Canada), respectively.
IF and FISH
Embryoswere collected andprocessed for IF andFISHasdescribedpreviously
(Le´cuyer et al., 2007). Digoxigenin-labeled probes for FISHwere also produced
asdetailedpreviously (Le´cuyeret al., 2007). Fordrug treatments, dechorionatedfrom Fallout Nuclei, histonemRNA Nuclear Retention, and Nuclear
an antibody to SLBP (green) and counterstained to visualize nuclei (red). Scale
t nuclei of embryos labeled as in (A). Mann-Whitney tests were used to assess
theses; ****p < 0.0001.
or 3.3 Gy) WT or mnkP6 0- to 3-hr-old embryos. The blots were probed with
bryos. Green, GFP fusions; red, DNA. Scale bar represents 10 mm.
les in which expression of the UASp-GFP-SLBP or UASp-GFP-SLBP-S118A
antibodies.
LBP-S118A in normal versus fallout nuclei of embryos imaged as described in
) extracted from 0- to 3-hr-old WT, slbp10/12, NGV;slbp10/12,GFP-SLBP, and
S ribosomal RNA bands from the same gel as loading controls.
notypes of embryos of the indicated genotypes.
f hatchlings was counted over 5 days. Results are the mean ± SD of at least two
yzed. Unpaired t tests were used to assess significance; ****p < 0.0001; n.s.,
enotypes. Quantifications and statistical tests were performed as in Figure 1C;
m images of DAPI-stained embryos (n.d. 13) of the indicated genotypes. Mann-
fter DNA damage. Under normal conditions, SLBP participates in the nuclear
Chk2 phosphorylates residue S118 of SLBP, leading to a depletion of nuclear
on of histone mRNA export contributes to nuclear fallout.
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dium containing inhibitor (doses indicated in figure legends) before fixation.
Sample Imaging and Image Analysis
Samples were imaged on Leica DM5500B (Leica Microsystems Canada)
equippedwith aQImagingExiAqua camera (Qimaging) or onZeiss LSM700mi-
croscopes (Carl ZeissCanadaLtd.). Live imagingof embryoswasperformed as
described previously (Cavey and Lecuit, 2008). DIC and fluorescence images
were captured every 20 s on the Leica DM5500B microscope, and Volocity
software (Perkin Elmer) was used for image recording and processing.
Image analysiswasperformedwithMetaXpress software (Molecular Devices).
The software modules ‘‘Multi Wavelength Cell Scoring’’ and ‘‘Multi Wavelength
Translocation’’ were used to create segments overlying the nuclei and surround-
ing regions for each individual cell/nucleus. The nuclear and cytoplasmic fluores-
cence intensity from protein and/or mRNA signals was then quantified by
measuring the pixel intensity at locations defined by these segments.
Statistics
Statistical significance was assessed by applying unpaired Student’s t tests or
Mann-Whitney tests, as indicated in the figure legends, using GraphPad Prism
software (GraphPad Software). A p value < 0.05 was considered significant for
all analyses.
Vector Construction and qRT-PCR Analysis
Primer sequences and experimental details are given in Supplemental Exper-
imental Procedures.
Protein Methods and MS
For western blotting, 0- to 3-hr-old embryos were collected on apple-juice
plates from precleared cages, dechorionated, and lysed with a micropestle
in RIPA buffer containing protease inhibitors. SDS-PAGE was performed ac-
cording to standard procedures with 50–100 mg of total protein loaded per
lane. For CH chase assays, S2R+ cells were seeded into six-well plates
(3.7 3 106 cells/well) and transfected with 0.8 mg if pAC5.1A expression plas-
mids encoding GFP-dSLBP or GFP-dSBLP-S118A using Effectene (QIAGEN).
After 48h, 1mg/mL of CHwas added to the culturemedium and cells were har-
vested at the indicated time points for total cell lysis using RIPA buffer contain-
ing protease inhibitors.
Kinaseassayswereconductedasdetailed inSupplemental Experimental Pro-
cedures, using 50 ng of GST-hChk2 (Sigma-Aldrich) and 2 mg of recombinant
substrate protein. For MS analysis, kinase reactions were precipitated with tri-
chloroacetic acid, digested with trypsin, and subjected to LC-MS/MS analysis
onanLTQOrbitrapVelos system (ThermoFisherScientific) asdetailed inSupple-
mental Experimental Procedures. Protein database searches were performed
with Mascot 2.2 (Matrix Science) against the NCBI-nr Drosophila database.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.03.025.
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